Abstract Today microalgae represent a viable alternative source for high-value products. The specie Chlorella protothecoides (Cp), heterotrophically grown, has been widely studied and provides a high amount of lutein and fatty acids (FA) and has a good profile for biodiesel production. This work studies carotenoid and FA production by autotrophic grown Cp. Cp was grown until the medium's nitrogen was depleted, then diluted in NaCl solution, resulting in nutritional, luminosity, and salinity stresses. Different NaCl concentrations were tested (10, 20, 30 g/L) at two different dilutions. After dilution, a color shifting from green to orange-red was noticed, showing carotenoid production. The best production of both carotenoids and FA was attained with a 20 g/L NaCl solution. The total carotenoid content was 0.8 % w/w (canthaxanthin (23.3 %), echinenone (14.7 %), free astaxanthin (7.1 %), and lutein/zeaxanthin (4.1 %)). Furthermore, the total lipid content reached 43.4 % w/w, with a FA composition of C18:1 (33.64 %), C16:0 (23.30 %), C18:2 (11.53 %), and less than 12 % of C18:3, which is needed to fulfill the biodiesel quality specifications (EN 14214).
Introduction
Since the industrial revolution, the infrastructure of our society has relied strongly on petroleum-based products for fuels, materials, and chemicals.
However, the increased consumption of energy leads to a massive influx of carbon into the atmosphere mediated through the burning and consumption of petroleum-based products. Renewable biofuels (e.g., ethanol, butanol, hydrogen, methane, biodiesel) are required to help replace petroleum dependence (Valenzuela et al. 2012) .
Microalgae are among the most potentially significant source of sustainable biofuels in the future of renewable energy (Menetrez 2012) . A feedstock with unlimited applicability, microalgae can metabolize several waste streams (liquids and gaseous) and produce products with a wide variety of compositions and uses (Menetrez 2012) . The high potential of microalgae is due to its high photosynthetic efficiency, high growth rate and consumption of CO 2 with the concomitant production of O 2 and no need of arable land or potable water (Gouveia 2011) .
In addition to photoautotrophic growth (i.e., carbon fixation via sunlight), some green algae and diatoms can store carbon and energy in the form of lipids (i.e., triacylglycerides (TAGs)), and this fact has re-invigorated the possibilities of algal oil being used for the production of liquid fuels. Nutrient deficiency or nutrient stress has been well documented to increase TAG accumulation in microalgae (Sheehan et al. 1998) specifically, nitrogen or phosphate limitation (Hu et al. 2008; Rodolfi et al. 2009; Li et al. 2008; Yeesang and Cheirsilp 2011) . Lipid productivity is a strain-specific function of physiological responses to many factors, including incident light intensity and cultivation temperature (Griffiths and Harrison 2009) and salinity (Gouveia et al. 2009 ). It was also proven that light dilution results in a significant enhancement in productivity of biomass (Fernández et al. 1998 ). This is due to the radiation on culture surface, which increases the frequency of the dark cycles of the cells, providing a higher rate of light impulses per reaction center (Fernández et al. 1998) .
However, even with a great enhancement in microalgal biomass productivity as well as in oil content of the cells, it is not sufficient for cost-effective microalgal fuel (Richmond 2012 ). The present cost of production microalgal biomass is around 15 to 20 times higher than the permissible cost of oil rich cell mass required as raw material for fuel (Richmond 2012) .
As microalgae for biofuels are still not competitive, the biomass after lipid extraction, should be valorized in a biorefinery context. It is important that the remaining coproducts have a useful and safe purpose for the economic feasibility (Van Wagenen et al. 2012 ). Compounds such as PUFAs, carotenoids, protein, antioxidants, and bioactives in general, for food, feed, cosmetic, and medical industries, are well quoted and, consequently, could turn the process economically feasible.
Nevertheless, fundamental and applied research still should be done in order to use direct phototrophic CO 2 fixation into liquid biofuels.
The microalga Chlorella protothecoides is a unique photosynthetic organism in the sense that it can easily adapt itself to heterotrophic, as well as autotrophic mode of growth (Valliammai et al. 1987) . When an organic nutrient, such as glucose, is available in the growth medium, this alga shifts itself from autotrophic to heterotrophic mode of growth. Under the heterotrophic mode, not only any further development of chloroplast is suppressed but even the already existing photosynthetic membranes undergo disintegration. Once the organic carbon source present in the medium is depleted, the alga goes back to autotrophic mode, accompanied by chloroplast development (Valliammai et al. 1987) . Wu et al. (1993) showed that the content of liposoluble compounds in the heterotrophic algae represents 72 % of the total cells in dry weight, which was more than four times higher than was found for the autotrophic algal cells (16 %), with a different distribution patterns in hydrocarbons and pigments. The biomass concentration from heterotrophic growth mode (30 g/L) could reach 20 times more than the autotrophic one (1.5 g/L) (Wu et al. 1993) .
This microalga has been widely studied in terms of heterotrophic grow (Shi et al. 2002; O'Grady and Morgan 2011) and revealed to have a good potential for biodiesel production as its oil content is high and with an appropriate profile Xu et al. 2006) . Nevertheless, just a few studies were performed for the autotrophic growth mode of this microalga (Valliammai et al. 1987; Wu et al. 1993) .
Lutein has also been found in heterotrophic C. protothecoides (Shi et al. 2002; Wei et al. 2008) , and it is one of the most important carotenoids in human serum and foods (Shi and Chen 1997) . Thus, lutein-rich Chlorella may be developed as a high-value health food (Shi et al. 2002) . Lutein has been widely used for the pigmentation of animal tissues and products, as well as for the coloration of foods, drugs, and cosmetics (Shi and Chen 1997) .
The best results of heterotrophic Cp depicted by several authors revealed a high production of lutein (0.53 %) (Shi et al. 2002) and fatty acids (23 %) (Santos et al. 2011) , suitable for biodiesel production (Xu et al. 2006) .
According to Richmond (2012) , the economic gain in supplying nutritionally rich microalgae for animal and aquatic feed is much greater than in growing raw material for fuel. However, if algae is used to biofuels production, the co-products remained in the biomass should be extracted in order to allow the economic feasibility of the process (Gouveia 2011) . This is the case of C. protothecoides, which can provide oil in good quantity and quality for biodiesel production, as well as a good profile of interesting and wellquoted carotenoids for nutraceutical and/or food and feed supplements.
The main use of astaxanthin and canthaxanthin is in aquaculture, for salmonids and ornamental fish pigmentation, as well as sea bream and poultry industry (Lorenz and Cysewski 2000; Gouveia et al. 1997 Gouveia et al. , 2002 Gouveia et al. , 2003 Gouveia et al. , 2010 . As a human food supplement, it also proved to be a strong antioxidant (Hussein et al. 2006; Park et al. 2010) , and there are already producers selling astaxanthin extract-based nutritional supplements (Brennan and Owende 2010) . Astaxanthin-rich extracts derived from Haematococcus pluvialis have been approved for several companies such as U.S. Nutra (USA), AstaReal AB (Sweden), Algatechnologies Ltd. (Israel), and Cyanotech (USA). The successful authorization of these extracts broadens perspectives for other extracts from other microalgae.
In this work, the production of carotenoids and fatty acids by Chlorella protothecoides, grown in autotrophic condition, was studied. This work aimed to find which salinity and culture dilution leads to a better production of carotenoids and fatty acids (nutritional, salinity, and luminosity stresses).
Materials and methods

Microalga strain
The microalgal strain used in this work was C. protothecoides, strain 25 from the UTEX Collection (Texas University of Austin, USA).
Cultivation and stress conditions
Medium
Cp was cultivated in an inorganic medium, which composition per liter of distilled water is: 1.25 g KNO 3 , 1.25 g KH 2 PO 4 , 1 g MgSO 4 ·7H 2 O, 0.11 g CaCl 2 ·2H 2 O, 0.5 g NaHCO 3 , 0.1 mg FeEDTA·3H 2 O, and 10 mL trace element solution (Vonshak 1986 
Green phase
Cp was grown in 1 L glass bubble column reactors, with bubbling filtered air, at a constant temperature of 25±1.5°C, 25.7 μmol/μE light intensity (measured at the surface of the PBR with Phywe Luxmeter) provided by fluorescence lamps (Philips TL-D 18 W/54-765). The reactors were placed in the middle of two racks of three fluorescent tubes each.
Microalgal biomass growth was evaluated by measuring optical density (OD λ0 540 nm ; Hitachi U-2000) and dry weight using glass fiber filters (GF/C, 47 mm, Whatman) at 80°C overnight.
Stressed phase: effect of salinity and illumination Cp was grown until depletion of medium nitrogen source (less than 0.5 % of initial concentration), and then cultures were diluted in a 5 L bioreactor in NaCl solution, resulting in nutritional, luminosity, and salinity stresses (carotenogenesis process), following the procedure of Gouveia et al. (1996) . Three NaCl concentrations, 10, 20, and 30 g/L, were tested at a dilution 1:20 and the one that demonstrated the best results was chosen for further experiments. Subsequently, another batch using a green phase Cp, with the best NaCl concentration (20 g/L) was submitted to two different dilutions: 1:10 and 1:15.
The photobioreactors were agitated by bubbling filtered air. Artificial illuminated was achieved by seven fluorescent lamps (Philips TL-D 36 W/54-765), located at one side of the reactor (front) with an incident light intensity of 78.3 μmol/μE at the surface. An initial outgoing light flux from the opposite surface of the reactors of 2.0 μmol/μE and 6.8 μmol/μE for 1:10 and 1:15 diluted cultures, (measured by an Phywe Lux-Meter), respectively were detected. The temperature was constant, 25±1.5°C. The experiments were carried out for 50 days. Microscopic observation was done during growth to check the purity of the culture.
Harvesting and milling
The microalgal biomass was harvested by decantation prior to centrifugation at 10,000 rpm, at 15°C for 15 min (Beckman, Avanti J-25l), then freeze-dried and ground. Grinding was performed with Retsch® Mixer Mill MM 400, using 50 mL stainless steel jar, and eight stainless steel balls (10 mm ∅). An amount of 0.8 g of dry biomass has been placed inside the jar together with the balls, and then left in the freezer for at least 3 h. Moreover, the jar was placed on the mill for 20 min at the speed of 25 Hz.
Analysis
Nitrogen content in the medium
The determination of the nitrate in the culture medium was performed in a Dionex ICS-1.000 chromatograph equipped with an ASRS-ULTRA II suppressor, an AG14 A 4×50 mm pre-column, an IONPAC AS14 A 4×250 mm column and a conductivity detector. A fixed volume of 25 μL was injected in the eluent that consisted of a solution containing a mixture of sodium carbonate 8 mM and sodium bicarbonate 1 mM, previously filtered through hydrophilic polypropylene (47 mm, 0.2 μm), and degasified. The eluent flow was 1 mL/min.
Carotenoids
The quantification of carotenoids along carotenogenesis (stressed phase) was carried out using the freeze-dried biomass without milling and acetone as a solvent. Twenty-two milligrams of biomass was mixed with small glass beads (760±30 mg) and 3 mL of acetone. The mixture was placed alternately in an ice bath and in a vortex. The extracts were centrifuged at 3,500 rpm for 5 min and collected. The cycle cold-stirring centrifugation was repeated until both precipitate residue and supernatant became colorless.
Moreover, the final biomass, after harvesting, freeze drying, and milling, was also submitted to the same extraction method in order to access of the amount of carotenoids.
Total carotenoid content was calculated using spectrophotometry through the Beer-Lambert law, and the carotenoids profile was determined by thin layer chromatography and high-performance liquid chromatography (HPLC).
Total carotenoid content was accessed by spectrophotometry (Jasco V-530 UV-Vis spectrophotometer, Jasco UK Limited) measuring the absorbance of the obtained solutions. Spectra were run between 380 and 700 nm, and the concentration was determined using the extinction coefficient (ε) of 234 L/(gcm) at λ [max] 0450 nm, and ε0218/210 L/(gcm) at λ [max] 0470 nm, according to the specific optical coefficient of lutein and astaxanthin/canthaxanthin, respectively (RodriguezAmaya 2005).
HPLC was used to identify and quantify the different carotenoids. HPLC system is a Hewlett Packard HPLC 1100 series, with mobile phase of (methanol and 0.2 % H 2 O)/acetonitrile (75:25v/v) set at 1 mL/min flow with the reversed phase column, 250×4.6 mmμ-bondapack. The UV-Vis detector was set to the wavelength relative to the maximum of absorbance found in each sample.
Methanol and acetonitrile were HPLC-grade reagents used without further purification other than filtration and degassing.
Each carotenoid was identified through the comparison of retention times of standards (astaxanthin (98 % Sigma), lutein (90 % Sigma), trans-β-carotene (95 % type I, Sigma), echinenone (98 % Roche), and canthaxanthin (10 % Roche)).
Total lipids and fatty acids
Total lipid content was determined by gravimetric measurement after a 6 h Soxhlet extraction with hexane , using about 200 mg of dry biomass. Experiments were carried out in duplicate.
To obtain fatty acids profile, Cp biomass has first been subjected to transmethylation, and then the obtained FAME was injected in a gas chromatograph (Varian CP-3800 GC; Varian, USA). Transmethylation (Lepage and Roy 1986) was performed placing in a test tube a known amount of Cp dry biomass (about 100 mg) with 2 mL of the mixture methanol/acetyl chloride (95:5, previously prepared in an ice bath) and 0.2 mL of a solution (5 mg/mL) of an internal standard C17:0 (Merck) in petroleum ether 80-100°C (Pronalab, p.a.); the tube was filled with nitrogen and heated at 80°C for 1 h in the dark. After cooling down to room temperature, 1 mL of n-heptane (p.a., Merck) containing 0.01 % of BHT (p.a. Merck), and 1 mL H 2 O to facilitate phase separation, were added to extract methyl esters. The organic phase (the upper one) was dried over anhydrous sodium sulfate and collected in vials filled with nitrogen. The samples were injected immediately.
The chromatograph used is a CP-3800 GC (Varian, USA) equipped with 30 m SUPELCOWAX 10 capillary column (0.32 mm of internal diameter and 0.25 μm of film thickness). Injector (split 1:50) and detector (flame ionization) temperatures were kept constant at 250°C. The oven temperature program started at 200°C for 20 min, increased at 20°C/min until 220°C and kept constant at this temperature for 14 min. Carrier gas, He, was kept at a constant rate of 0.9 mL/min. Fatty acid methyl ester standard injections were performed in order to identify their presence in the extracts. Fatty acid composition was calculated as percentage of the total fatty acids present in the sample, determined from the peak areas. Fatty acid content was calculated according to EN 14103 (2003) .
Results
Biomass production
During the green phase of growth in the bubble column reactor, microalga's dry weight reached 3 g/L, in concomitance with depletion of nitrogen source, as shown in Fig. 1 . The culture was then diluted and carotenogenesis process took place in the microalga cells, visually detectable owing to the color shifting (Fig. 2a, b) . At the same time, HPLC analysis confirmed the decrease of chlorophyll content (Fig. 2c, d ).
Carotenoid production
Carotenoid profile changed in each culture due to carotenogenesis process; HPLC analysis revealed the presence of astaxanthin, lutein/zeaxanthin, canthaxanthin, echinenone and β-carotene, besides chlorophyll (Figs. 2, 3 , and 4).
Effect of salinity
The most visible effect of salinity, illumination intensity, and nutritional stress on Cp metabolism is the accumulation of carotenoids.
Among the three NaCl solutions tested, the one that showed the best results was 20 g/L of NaCl. It can be seen from spectra of acetone cold extracts (Fig. 3a) and carotenoid content results (Table 1) that this NaCl concentration led to the highest amount of total carotenoids: 0.80 g/100 g of dry biomass. HPLC chromatograms of these three batches showed well-distinguished peaks (Fig. 3b, c, d) .
Canthaxanthin (23.3 %) is the main carotenoid in acetone extracts, followed by echinenone (14.7 %), free astaxanthin (7.1 %), lutein/zeaxanthin (4.1 %), and β-carotene (less than 0.5 %) ( Table 1) . Other peaks could be astaxanthin monoand di-esters. 
Effect of illumination
The effect of illumination on 20 g NaCl/L stress cultures was evaluated. The spectra of the extracts during carotenogenesis were measured (Fig. 2a, b) , showing the disappearance of chlorophyll (peak at 660 nm wavelength) and the increase of carotenoids content (peak at 450-470 nm wavelength).
HPLC analysis showed that diluting the culture 1:10 led to a predominance of lutein/zeaxanthin, and, on the other hand, diluting 1:15 led to a predominance of astaxanthin and canthaxanthin ( Fig. 2c, d ; Table 2 ).
Decrease of lutein/zeaxanthin concentration was noticed in both dilutions, which is a common behavior for microalgae (Gouveia et al. 1996) .
Microalga total carotenoid content of each dilution (Table 2) showed that 1:10 diluted culture presented a total carotenoid amount of 0.62 g/100 g of dry biomass; however, the 1:15 diluted culture presented a lower content, 0.57 g/ 100 g of dry biomass.
The total length of the stressed phase was of 50 days; however, a depletion of the carotenoid content after 34 days, upon dilution, was observed for both cultures (Fig. 4a) . This decrease of carotenoid content was more pronounced for the 1:15 diluted culture, which could possibly be due to photooxidative stress. As soon as it was found that this content was still falling, it was decided to stop agitation and harvest the microalgal biomass.
Lipid content and fatty acids
Effect of salinity
The total lipid amount found in the autotrophic cultures after Soxhlet extraction with n-hexane, was 38.6 %, 43.4 %, and 41.5 % (w/w) for 10, 20, and 30 g NaCl/L condition, respectively (Table 3) .
Gas chromatography revealed that palmitic (C16:0), oleic (C18:1), linoleic (C18:2), and linolenic (C18:3) acids are the main fatty acids present in the autotrophic Cp biomass (Table 4) . Linolenic acid, as well as the polyunsaturated fatty acid contents, is within biodiesel specifications (EN 14214 (2008) ).
Results also showed that around 50 % of the total lipids are fatty acids, corresponding to about 20 % of fatty acid in the dry biomass (Table 3) .
Effect of illumination
The total lipid content of the cultures with 20 g NaCl/L at the two different dilutions (1:10 and 1:15) was 39.4 % and 41.9 % (w/w), respectively (Table 5) , which is in accordance to the previous results from the assays to check the best salinity condition.
From the gas chromatograph's data analysis, it was found that the fatty acid content of dry biomass was 20.8 % (w/w) for 1:10 diluted culture, and 24.4 % (w/w) for 1:15 diluted one (Table 5) .
Again, fatty acid profile was mainly represented by palmitic (C16:0), oleic (C18:1), linoleic (C18:2), and linolenic (C18:3) acids (Table 6 ). Nevertheless, it can be noticed some differences between this profile and the one found previously for 1:20 diluted culture; in fact, C20:1 and C22:0 were not found, but C14:1, C15:1, and C17:1 were found only in these 1:10 and 1:15 diluted cultures. However, these differences are very small, as the percentages of these fatty acids are always below 0.80 %.
Discussion
Biomass production
According to Rodolfi et al. (2009) , stressing the microalga through extracellular nitrogen depletion resulted in metabolic changes, which led to the enhancement of lipid accumulation and decrease in the growth rate. This behavior is common in some species; however, little is known about the controlling signals on this process (Li et al. 2008 (Li et al. , 2010 Converti et al. 2009 ).
In this work, the biomass growth continued even after extracellular nitrogen depletion; a dry weight of about 1 g/L was measured 1 week after the dilution (initial dry weight 0.15 g/L). This observed growth could be explained by the consumption of intracellular nitrogen sources, such as chlorophyll, to produce essential N-containing molecules (e.g., proteins, nucleic acids and cell wall materials (Li et al. 2008) ). The decrease of chlorophyll content found with HPLC analysis (Fig. 2c, d ), corroborate this statement as the decrease of chlorophyll occurs at the same time that growth was observed after nitrogen depletion.
Carotenoid production
The evolution of carotenoid profile during carotenogenesis is shown in Fig. 2c, d . To date, carotenogenesis' pathways are not entirely known, but it is possible to state that the decrease of lutein/zeaxanthin peak in the obtained HPLC results, since both isomers co-elute in the used HPLC system, is due to the zeaxanthin to canthaxanthin path (Bhosale and Bernstein 2005) . A decrease of free astaxanthin was noticed, however it seems to be only due to its conversion into its esters (Bhosale and Bernstein 2005) . Chlorophyll disappears during carotenogenesis, and this is explained in the previous paragraph. Echinenone is another carotenoid present in the microalga, and its peak in HPLC chromatogram is fully distinguished (Bhosale and Bernstein 2005) . Table 1 Carotenoid production as a function of different concentrations of NaCl added in the diluted cultures (dilution 1:20v/v, dry weight immediately after dilution 0.15 g/L)
Total carotenoids/DW biomass (g/100 g) Effect of salinity Salinity, luminosity and nutritional stress led Cp metabolism to the accumulation of carotenoids. Gouveia et al. (1996) also verified the change in nature and concentration of pigments when Chlorella vulgaris was grown in similar stress conditions. HPLC chromatograms (Fig. 3b, c, d ) of the acetone cold extracts confirm the presence of astaxanthin, canthaxanthin, lutein/zeaxanthin, echinenone, a small amount of chlorophyll, and residual β-carotene.
Effect of illumination
The disappearance of chlorophyll, the increase of carotenoid content, and the decrease of lutein/zeaxanthin concentrations were noticed in both dilutions, and are a common behavior for microalgae (Gouveia et al. 1996) .
The effect of illumination on 20 g NaCl/L stress cultures confirms the dependence of carotenoid production on the illumination of the culture. In fact, culture diluted 1:15, with an initial dry weight concentration of 0.2 g/L after dilution, showed a different profile from culture diluted 1:10, which had an initial dry weight of 0.3 g/L ( Table 2 ). The first one (1:15) presented a carotenoid profile which included canthaxanthin (19.8 %), astaxanthin (17.3 %), lutein/zeaxanthin (9.9 %), echinenone (9.5 %), and β-carotene (2.4 %). The second (1:10) presented a higher value for lutein/zeaxanthin (16.6 %), even though similar values for canthaxanthin (16.3 %), astaxanthin (15.1 %), echinenone (9.5 %), and β-carotene (2.4 %) were detected. This can be explained in terms of the carotenogenesis process itself, which was more advanced with a higher dilution, corresponding to a higher photon flux (Gouveia et al. 1996) .
Comparing the results obtained with these diluted cultures ( Table 2 ) and those of the culture with the same NaCl concentration but with a dilution of 1:20 (Table 1) , it can be seen that the carotenoid content is higher in the former culture, which was expectable since a higher exposure to light could possibly lead to a higher production of carotenoids. Furthermore, a more advanced carotenogenesis process was obtained for this culture. This was confirmed by the HPLC analysis (Figs. 3c and 4c, d) , in which the culture with 1:20 dilution showed mainly the presence of canthaxanthin and astaxanthin esters while astaxanthin amount was about one third of canthaxanthin one (Table 1 ). In opposition, the culture with the dilution 1:15 showed mainly the presence of astaxanthin and canthaxanthin almost at the same percentage (Table 2 ) and some astaxanthin esters.
Therefore, this work showed that carotenoid composition was influenced by illumination, being noticed that the carotenogenesis was faster when a higher light intensity per cell was applied. Moreover, lutein/zeaxanthin was the major carotenoid in cultures with lower light intensity per cell Table 2 Carotenoid production as a function of dilution (1:10 and 1:15v/v, equivalent to 0.3 and 0.2 g/L dry weight immediately after dilution) with 20 g/L of NaCl added was applied while astaxanthin and its esters dominated when illumination increased. As described in the literature, lutein is present in the heterotrophic Cp (Shi et al. 2002) . Our results from autotrophic Cp confirmed the presence of further carotenoids besides lutein/zeaxanthin: astaxanthin, canthaxanthin, echinenone, and β-carotene (Tables 1 and 2) .
A relatively high quantity of carotenoids, namely lutein/ zeaxanthin, canthaxanthin and astaxanthin present in this alga, represents an important result as these pigments are used as food and feed additives and are well quoted (please check "Introduction" section).
Lipid content and fatty acids
Effect of salinity
The total lipid content after the dilution with 10, 20, and 30 g NaCl/L (Table 3) , represents a good result as autotrophic cultures need much less energy and nutrients compared with heterotrophic ones. In a vision that seeks to optimize and rationalize both energy and food resources, autotrophic cultures meet the two goals because they do not need much energy for growth besides illumination (that could be from the sun) and agitation, neither glucose, that is needed for heterotrophic cultures.
Gas chromatography revealed that palmitic (C16:0), oleic (C18:1), linoleic (C18:2), and linolenic (C18:3) acids are the main fatty acids present in the autotrophic Cp biomass (Table 4) . Linolenic acid as well as the polyunsaturated fatty acid contents are within biodiesel specifications (EN 14214 (2008) ).
Even the amount of fatty acids found for autotrophic Cp (Table 3) is a good result since it agrees with Santos et al. (2011) for heterotrophic Cp, i.e., 22-23 % of FA/dry biomass (w/w). However, the composition is slightly different, since heterotrophic culture revealed an amount of C18:3 less than 3 % (w/w) while autotrophic had about 11 % (w/w) ( Table 4) .
Effect of illumination
It is interesting to note that three different dilutions (1:20, 1:15, and 1:10), all with 20 g/L of NaCl, led to a similar amount of total lipids (43.4 %, 41.9 %, and 39.4 %, respectively) (Tables 3, 5); this could suggest that lipid accumulation processes do not depend strongly on light that reaches microalgae cells but depends on nutritional stress caused by depletion of extracellular nitrogen source (Rodolfi et al. 2009 ).
According to Wu et al. (1993) , the content of liposoluble compounds in the cells of heterotrophic algae corresponds to 72 % of the total cells in dry weight, which was more than four times higher than in the autotrophic algal cells and a different distribution patterns in hydrocarbons and pigments.
Our results showed a higher concentration in terms of liposoluble compounds than those reported by Wu et al. (1993) . In fact, gravimetric measurements of hexane Soxhlet extracts showed values in the range from 38.6 % to 43.4 %, although still low compared to heterotrophic cultures.
However, the obtained fatty acid composition was similar to that of heterotrophic Cp (Wu et al. 1993; Santos et al. 2011) , which suggests that fatty acid production, once again, could be driven by nitrogen availability in the medium, and not by the effect of light.
The authors can conclude from this study that the microalga C. protothecoides could provide a good profile of fatty acids and highly interesting carotenoids (astaxanthin, canthaxanthin, lutein/zeaxanthin, and echinenone).
Among the various NaCl concentrations tested, the 20 g/L solution gave the best results for both carotenoid and lipid production. Although the autotrophic culture has a lower yield in terms of biomass and lipid productivity, it presents a higher carotenoid yield than the heterotrophic culture. Furthermore, the autotrophic mode also presents a lower environmental impact, lower cost, and does not need an organic carbon source for microalgae growth. The production of microalgae could assist in wastewater treatment and CO 2 mitigation in a polluting industry (i.e., cement industry, thermochemical plant) and therefore reduce the environmental impact and costs. Microalgae could also assist in the production of biofuels and high added value composts as it was proven in this study.
